We investigated the roles of the blue light receptors phototropins (phot1 and phot2) and ROOT PHOTOTROPISM 2 (RPT2) in leaf positioning and flattening, and plant growth under weak, moderate and strong white light (10, 25 and 70 mmol m À2 s À1 ). RPT2 mediated leaf positioning and flattening, and enhanced plant growth in a phot1-dependent manner. Under weak light, phot1 alone controls these responses. Under moderate and strong light, both phot1 and phot2 affect the responses. These results indicate that plants utilize a wide range of light intensities through phot1 and phot2 to optimize plant growth. The rpt2 single mutant generally exhibited phenotypes that resembled those of the phot1 phot2 double mutant. To our surprise, when the PHOT1 gene was disrupted in the rpt2 mutant, the resulting phot1 rpt2 double mutant showed the morphology of the wild-type plant under strong light, and additional disruption of PHOT2 in the double mutant abolished this recovery. This suggested that phot2 may function in the absence of phot1 and bypass RPT2 to transmit the signal to downstream elements. Expression and lightinduced autophosphorylation of phot2 were not affected in the rpt2 mutant. We conclude that RPT2 mediates leaf flattening and positioning in a phot1-dependent manner, and that phot1 may inhibit the phot2 signaling pathways. We discuss the functional role of RPT2 in phototropin signaling.
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Introduction
Because of their sessile nature, plants use light not only as an energy source but also as a signal for optimal growth and development in variable environments. In particular, UV-A (320-390 nm) and blue (390-500 nm) light initiate multiple plant responses. Recent studies have demonstrated that Arabidopsis thaliana possesses specific blue light receptors called phototropins (phot1 and phot2) which are responsible for phototropism, chloroplast movement, nuclear positioning, stomatal opening and leaf positioning, as well as photomorphogenic responses including leaf flattening and rapid inhibition of hypocotyl elongation (Parks et al. 2001 , Briggs and Christie 2002 , Briggs 2005 , Iwabuchi et al. 2007 , Inoue et al. 2008b , Kagawa et al. 2009 ). These phototropin-mediated responses serve to maximize photosynthetic efficiency and prevent excessive light stress, resulting in optimized plant growth (Kasahara et al. 2002 , Takemiya et al. 2005 , Galen et al. 2007 ).
phot1 and phot2 are serine/threonine protein kinases with two photosensory domains, LOV1 and LOV2 (light, oxygen or voltage-sensing domain), in the N-terminus (Huala et al. 1997) . Blue light absorption by FMN in these domains leads to autophosphorylation of the proteins (Christie et al. 1998 , Inoue et al. 2008a . phot1 functions over a wide range of blue light intensities, whereas phot2 responds to strong blue light; both redundantly control phototropism, chloroplast accumulation, stomatal opening, cytosolic Ca 2+ increase, and leaf flattening and positioning , Kinoshita et al. 2001 , Sakamoto and Briggs 2002 , Harada et al. 2003 , Takemiya et al. 2005 , Harada and Shimazaki 2007 , Inoue et al. 2008b , de Carbonell et al. 2010 . Only phot2 induces chloroplast avoidance responses, nuclear avoidance responses and palisade cell development, and only phot1 mediates a rapid inhibition of hypocotyl elongation , Iwabuchi et al. 2007 , Kozuka et al. 2011 .
While it has proven difficult to establish whether phot1 and phot2 function independently or interactively, functional interactions between phot1 and phot2 have been implied, for example, by de Carbonell et al. (2010) who suggested that phot2 inhibits phot1-dependent leaf flattening. These authors provided evidence for epistatic interactions between phototropins and the phototropin signaling elements, NPH3 (NONPHOTOTROPIC HYPOCOTYL 3) and PKSs (PHYTOCHROME KINASE SUBSTRATEs). Harada et al. (2003) noted the functional interaction of phot1 and phot2 in increasing cytosolic Ca 2+ . They found that inhibitors of phospholipase C (PLC) suppressed the blue light-dependent cytosolic Ca 2+ increase in leaf cells, and that this inhibition was promoted in the presence of phot1.
RPT2 (ROOT PHOTOTROPISM 2) and NPH3 have been identified as signal transducers in phototropin signaling. RPT2 and NPH3 encode a family of plant-specific proteins, comprising 32 members in Arabidopsis (Motchoulski and Liscum 1999, Sakai et al. 2000) . RPT2 as well as NPH3 proteins possess an N-terminal BTB/POZ (broad complex, tramtrack, bric à brac/ pox virus and zinc finger) domain and a C-terminal coiled-coil domain which are thought to be protein-protein interaction sites. NPH3 is required for phot1-and phot2-mediated phototropism, leaf flattening and positioning, but not for chloroplast movement and stomatal opening (Inada et al. 2004 , Inoue et al. 2008b , de Carbonell et al. 2010 ). NPH3 interacts with phot1 (Motchoulski and Liscum 1999 , Lariguet et al. 2006 ), phot2 (de Carbonell et al. 2010 ) and RPT2 (Inada et al. 2004 ). RPT2 interacts with phot1 (Inada et al. 2004 , Kaiserli et al. 2009 ) but not with phot2 (Inada et al. 2004) , and is involved in phot1-specific signaling pathways in phototropism and stomatal opening, but not in chloroplast movement (Inada et al. 2004 ). However, it remains unknown whether RPT2 is responsible for leaf flattening and leaf positioning.
In this study, we investigated the role of RPT2 in cotyledon and leaf positioning, which have been reported as phototropin-mediated responses (Inoue et al. 2008b) , and true-leaf flattening, and showed that RPT2 mediates these responses in a phot1-dependent manner under weak and strong light. We also present evidence that phot1 may inhibit phot2 signaling pathways in these two responses.
Results

Leaf development of Arabidopsis under white light
We grew Arabidopsis plants for 7-10 d under 10 mmol m À2 s
À1
white light (Fig. 1A) . Petioles of cotyledons grew obliquely upward with more or less horizontal cotyledon blades in the wild type (WT), similarly to the true leaves (Inoue et al. 2008b) . We refer to this response as cotyledon positioning, enabling leaves to maintain an optimum position for capturing light. We designated the angle between the cotyledonary petiole and the horizontal plane as the cotyledonary petiole angle (y 1 ), and that between the petiole and cotyledonary blade as the cotyledon angle (y 2 ) (Fig. 1A) . In phot1 phot2 double mutants, the cotyledonary petiole dangled slightly with almost vertical cotyledon blades (Fig. 1B) . In the WT, true leaves emerged more or less horizontally and the petiole grew obliquely upward (Fig. 1C) . In phot1 phot2, the petiole grew slightly downward with mostly vertical leaf blades (Fig. 1D) . We characterized this leaf positioning through the petiole angle (y 3 ), defined as the angle between the petiole and the horizontal plane according to Inoue et al. (2008b; Fig. 1C) , and petiole bending indices, defined as the ratio of the direct distance (a) to the traced distance (B) of petioles (Fig. 1D) .
True leaves of phot1 phot2 double mutants grown under 10 and 70 mmol m À2 s À1 white light folded ( Fig. 1E) and curled ( Fig. 1F) , respectively, but leaves of the WT grown under these conditions showed the regular flattened shape (Fig. 1E, F ) intensities of white light. We examined phot1-5, phot2-1, phot1-5 phot2-1, rpt2-2, phot1-5 rpt2-2, phot2-1 rpt2-2 and phot1-5 phot2-1 rpt2-2 mutants ( Fig. 2; see the Materials and Methods). The rpt2-2 mutant is a dSpm transposon-insertion line (Tissier et al. 1999) , in which the RPT2 protein is undetectable by anti-RPT2 antibodies (Inada et al. 2004 ).
We measured cotyledonary petiole angles (y 1 ) and cotyledon angles (y 2 ), as indices of cotyledon positioning in plants grown under 10 mmol m À2 s À1 white light. The WT and phot2 mutants showed horizontal cotyledon blades; the petioles pointed obliquely upward ( Fig. 2A) . However, phot1 and phot1 phot2 double mutants exhibited practically vertical cotyledon blades, and the petioles did not stretch upward. Cotyledonary petiole angles (y 1 ) in phot1 and phot1 phot2 double mutants were similar and much smaller than in the WT and phot2 mutants (Fig. 2B) . These results indicated that phot1 alone mediates cotyledon positioning, and that phot2 does not function under weak light. Cotyledonary petiole angles (y 1 ) in all rpt2 mutants, including rpt2, phot1 rpt2 and phot2 rpt2, were similarly small, suggesting that RPT2 is involved in the responses. Similarly, cotyledon angles (y 2 ) in the WT and phot2 were significantly larger than in phot1 and phot1 phot2 (Fig. 2C) . The mutants rpt2, phot1 rpt2 and phot2 rpt2 exhibited small y 2 that resembled the angles found in the phot1 phot2 double mutant. We concluded that RPT2 functions in cotyledon positioning under weak light, probably in the phot1 signaling pathway. Transformation of the rpt2 mutant with genomic DNA fragments containing the RPT2 region (Sakai et al. 2000) restored the WT phenotype (see rpt2 PmaCI in Fig. 2A -C).
RPT2 mediates true-leaf positioning and flattening under weak white light
We investigated the role of RPT2 in leaf positioning and flattening under 10 mmol m À2 s À1 white light. Petioles of true leaves in the WT and phot2 were oriented obliquely upward (Fig. 3A) . The petioles slanted downwards in both phot1 and phot1 phot2. The petiole angles (y 3 ) in phot1 and phot1 phot2 were much smaller than in the WT and phot2 (Fig. 3C) , indicating that phot1 mediates leaf positioning while phot2 contributes negligibly to the response under weak light. In the three rpt2 mutants, rpt2, phot1 rpt2 and phot2 rpt2, the petioles slanted downwards (Fig. 3A) and their petiole angles were indistinguishable from those of phot1 single and phot1 phot2 double mutants (Fig. 3C) . These findings implied a function for RPT2 in the phot1 signaling pathway, leading to leaf petiole lifting. The transformation of rpt2 mutants with the RPT2 DNA region restored the WT phenotype (see rpt2 PmaCI). Essentially the same results were obtained when we calculated petiole bending indices ( Supplementary Fig. S1A ).
Fig . 3B shows the projection of leaves (P). We manually flattened leaves (M) of the WT and all mutants. Leaves of phot1 and phot1 phot2 mutants were curled and partly folded ( Fig. 3B) , whereas leaves from the WT and phot2 mutants were almost flat (Fig. 3B) . Thus, phot1 acts in leaf flattening while phot2 does not. Leaves of rpt2 mutants including rpt2, phot1 rpt2 and phot2 rpt2 were curled and folded, suggesting that RPT2 controls leaf flattening. To quantify leaf flattening, we determined leaf flattening indices by dividing the projection area of the unflattened leaf by the flattened leaf area (Fig. 3D) . The indices of phot1, phot1 phot2, rpt2, phot1 rpt2 and phot2 rpt2 mutants were similar to each other but were much smaller than those of the WT and phot2 (Fig. 3D) . The transformation of rpt2 mutants with genomic DNA including the RPT2 gene restored the WT phenotype (see rpt2 PmaCI). (C) Cotyledon angles (y 2 ). rpt2 PmaCI indicates transgenic rpt2 mutants carrying genomic DNA fragments of pBI-PmaCI (Sakai et al. 2000) . Bars indicate the means ± SE of 6-32 independent measurements.
RPT2 mediates cotyledon positioning under strong white light
Under 70 mmol m À2 s À1 white light, cotyledonary petioles of the WT as well as those of phot1 and phot2 mutants were obliquely erect and the cotyledon blades were oriented more or less horizontally (Fig. 4A) . In phot1 phot2 double mutants, cotyledonary petioles were not erect and the blades dangled vertically (Fig. 4A) . Both the cotyledonary petiole angles (y 1 ) and cotyledon angles (y 2 ) of phot1 phot2 double mutants were smaller than in the WT and phot1 and phot2 mutants, while they were similar to the angles found in phot1 and phot2 mutants (Fig. 4B, C) . This indicated that phot1 and phot2 both function in cotyledon positioning under strong light.
rpt2 single mutants developed a similar phenotype to that of phot1 phot2 (Fig. 4) , suggesting that RPT2 is involved in the phot1 as well as the phot2 signaling pathways that regulate cotyledon positioning. To our surprise, cotyledon positioning was restored in phot1 rpt2 double mutants under strong light (Fig. 4) . Since the functional PHOT2 gene is present in the phot1 rpt2 mutant, it appears that phot2 bypasses RPT2 to transmit the signal to downstream elements; this phot2-dependent pathway seems to become functional in the absence of phot1. To test the idea, we disrupted the PHOT2 gene in the phot1 rpt2 double mutant and found that the additional mutation in PHOT2 abolished the phenotype restoration observed in phot1 rpt2 (Fig. 4) . Thus, phot2 functions in cotyledon positioning in the phot1 rpt2 double mutant, activating an RPT2-independent pathway. In accordance with this interpretation, phot2 rpt2 double mutants showed similar phenotypes to phot1 phot2 double mutants.
RPT2 mediates leaf positioning and flattening under strong white light
Next, we investigated the role of RPT2 in leaf positioning and flattening under 70 mmol m À2 s À1 white light. Leaf petioles of the WT as well as phot1 and phot2 single mutants grew obliquely upward but the petioles of phot1 phot2 double mutants expanded horizontally (Fig. 5A) . The petiole angles of phot1 phot2 double mutants were much smaller than those of the WT, phot1 and phot2 (Fig. 5C) . Evidently phot1 and phot2 redundantly mediate leaf positioning under strong light (Inoue et al. 2008b , de Carbonell et al. 2010 .
The petiole orientation of rpt2 mutants remained horizontal, resembling the phenotype of phot1 phot2 (Fig. 5A) . Therefore, RPT2 appears to mediate leaf positioning in the pathways of both phot1 and phot2. Since phot2 probably becomes active in the absence of phot1 as discussed above, we disrupted the PHOT1 gene in the rpt2 single mutant. In the generated phot1 rpt2 double mutant, leaf positioning as observed in the WT was restored (Fig. 5A, C) . This result corroborated the hypothesis that phot2 signaling bypasses RPT2. In agreement with this notion, the disruption of the PHOT2 gene in the double mutant caused the petioles to dangle vertically. Furthermore, phot2 rpt2 double mutants showed similar phenotypes to the phot1 phot2 double mutant, suggesting that RPT2 functions in the phot1 pathway. Transgenic rpt2 mutants carrying the genomic RPT2 gene (rpt2 pmaCI) showed the leaf phenotype of the WT (Fig. 5A, C) . Essentially the same results were obtained when we calculated petiole bending indices ( Supplementary Fig. S1B ).
Under 70 mmol m À2 s À1 white light, the WT and phot1 as well as phot2 mutants exhibited flattened leaves, but phot1 phot2 double mutant leaves were curled (Fig. 5B) . Leaf flattening indices of the phot1 phot2 double mutants were half of those found in the WT and phot1 and phot2 mutants (Fig. 5D) , indicating that both phot1 and phot2 mediate the flattening of leaf blades (Sakamoto and Briggs 2000 , Inoue et al. 2008b , de Carbonell et al. 2010 . The leaves of rpt2 mutants curled like those of phot1 phot2 double mutants (Fig. 5B,  D) , indicating that RPT2 is involved in leaf flattening. The flattened leaf phenotype was restored in the rpt2 mutant by disruption of the PHOT1 gene (Fig. 5B, D) . Additional disruption of PHOT2 in this double mutant caused the leaves to curl again (Fig. 5B, D) . The phot2 rpt2 double mutant phenotypically resembled the rpt2 single mutant. In rpt2 mutants carrying the genomic RPT2 gene, leaf blades were flattened again (Fig. 5B, D) .
Taken together, we conclude that RPT2 is responsible for the leaf positioning and flattening, and that RPT2 functions in the phot1 pathway. We also suggest that phot2 becomes functional in the absence of phot1.
RPT2 mediates leaf positioning and flattening under moderate light intensity
Our results had indicated that phot1 mainly functions under low light conditions (10 mmol m À2 s
À1
) whereas phot2 becomes functional as the light intensity increases (Figs. 1-5) . Experimental evidence further suggested that phot2 becomes active in the absence of phot1, and that RPT2 is a component of the phot1, but not the phot2 pathway. We decided to investigate the responses to an intermediate light intensity.
Under 25 mmol m À2 s À1 white light, cotyledonary petiole angles (y 1 ) (Fig. 6A ) in phot1 were smaller than in the WT and phot2, which showed similar values. Cotyledonary petiole angles were significantly larger in phot1 than in phot1 phot2, suggesting that phot1 plays a more dominant role in determining the response than phot2. Cotyledonary petiole angles were smaller in rpt2 and phot2 rpt2 than in phot1. This indicated that RPT2 is involved in the response and that phot2 contributes to the efficiency of the response. We thus expected that the disruption of the PHOT1 gene in the rpt2 mutant should restore the response partially, because phot1 seemed to inhibit phot2 signaling. Cotyledonary petiole angles in the phot1 rpt2 double mutant significantly exceeded angles observed in the rpt2 mutant, but were smaller than in the WT and the phot2 mutant (Fig. 6A) . The fact that the angles were smaller in phot2 rpt2 (which lacks functional phot2) than in phot1 rpt2 (in which phot2 is active) supports the conclusion that phot2 participates in the response. These observations indicated that phot2 contributes to the control of the positioning of cotyledonary petioles, although phot1 alone is sufficient to initiate the standard positioning of the cotyledonary petiole under moderate light conditions.
Essentially the same results were obtained with regard to cotyledon angles (y 2 ; Fig. 6B ). y 2 in phot1 was smaller than in the WT and phot2, and angles were smaller still in rpt2, phot2 rpt2 and phot1 phot2. This suggested that RPT2 is involved in the positioning of the blades of the cotyledons. The phot1 rpt2 mutants showed cotyledon angles intermediate between those of the WT and phot1 phot2, and the values decreased to the level found in phot1 phot2 when the PHOT2 gene was disrupted in the phot1 rpt2 mutant. Interestingly, both the cotyledonary petiole angle and the cotyledon angle were similar in phot1 rpt2 and phot1 mutants. This result was in agreement with the idea that phot2 is active in the double mutant phot1 rpt2.
Our examination of leaf positioning under moderate light supported our general conclusions. Petiole angles (y 3 ) as well as leaf flattening indices were similarly small in phot1 phot2, rpt2 and phot2 rpt2 mutants (Fig, 6C, D) . The values were significantly higher in phot1 mutants, but higher still in the WT and phot2 mutants, suggesting that phot2 partially contributes to the responses under moderate light. Disruption of the PHOT1 gene in the rpt2 mutant induced the same phenotypes as observed in phot1 single mutants (Fig. 6) . Essentially the same results were obtained when we calculated petiole bending indices ( Supplementary Fig. S1C ). From these results, we concluded that the inactivated phot2 signaling in the rpt2 mutant became activated as a consequence of the disruption of the PHOT1 gene.
RPT2 plays a role in plant growth
We finally investigated the role of RPT2 in plant growth by determining fresh weight under the three light conditions. As a result of our above findings, we expected phot1 to be active under weak light, both phot1 and phot2 to function under strong light, and that phot1 was fully and phot2 partially active under moderate light.
Under 10 mmol m À2 s À1 white light, the shoot fresh weights of the WT and phot2 mutant plants were similar, and any mutation of PHOT1 or RPT2 caused an approximately 50% reduction (Fig. 7B) . These results were in line with the idea that phot1, but not phot2, is active under weak light conditions, and that RPT2 functions in the phot1-dependent pathway. The disruption of the PHOT1 gene in the rpt2 single mutant did not affect plant growth, probably because phot2 remains inactive under weak light.
Under 70 mmol m À2 s À1 white light, phot1 or phot2 alone will suffice to promote plant growth. As expected, the WT as well as the phot1 and phot2 mutants showed similar shoot fresh weights which exceeded those of the phot1 phot2, rpt2, phot2 rpt2 and phot1 phot2 rpt2 mutants by about 3-fold (Fig. 7C) . Disruption of the PHOT1 gene in rpt2 mutants restored growth, and shoot fresh weight increased almost to the level found in the WT and phot1.
Under 25 mmol m À2 s À1 white light, we expected full activity of phot1 and partial activity of phot2 (Fig. 7D) . The results were in agreement with this notion: the shoot fresh weights of WT and phot2 mutants were similar and large compared with the values found in phot1 phot2, rpt2 and phot2 rpt2 which showed no significant differences among themselves. The phot1 shoot fresh weight was intermediate, and PHOT1 gene disruption in the rpt2 mutant increased the fresh weight up to that of the phot1 mutant, indicating that phot2 worked in the phot1 rpt2 double mutant.
Expression and autophosphorylation of phot2 in rpt2 mutants
The results described so far indicated that phot2 functions only under moderate and strong light, when phot1 is absent in the rpt2 mutant (Figs. 1-7) . This suggested that phot1 suppresses phot2 signaling in the rpt2 mutant. To test whether phot1 affects phot2 expression and/or phot2 autophosphorylation in the rpt2 mutants, we determined the amount of phot1 and phot2 protein and its autophosphorylation state. We irradiated dark-adapted rosette leaves with white light at 70 mmol m À2 s À1 for 5 min and evaluated the phot1 and phot2 protein amounts using anti-phot1 and anti-phot2 antibodies in microsomal fractions prepared from the leaves. We detected phot1 protein and its mobility shift in the rpt2 mutant as well as in the WT, indicating that the rpt2 mutant has functional phot1. We showed slight mobility shifts of phot2 protein in both the WT and the rpt2 mutant (Fig. 8A) . Stronger blue light at 150 and 3,500 mmol m À2 s À1 caused the clear mobility shifts of phot2 in both rpt2 and the WT (Fig. 8B, Supplementary Fig. S2 ). We concluded that the expression and autophosphorylation of phot2 are not inhibited by the mutation of RPT2. From these results, we suggest that phot1 does not affect phot2 itself but probaby inhibits downstream components of phot2 signaling (Fig. 9) .
Discussion
Essential role of RPT2 in cotyledon and leaf positioning and leaf flattening
We investigated the phototropin-mediated cotyledon and leaf positioning and leaf flattening in Arabidopsis under three white light intensities with special reference to RPT2 function. We showed that phot1 works efficiently under weak light, and that both phot1 and phot2 are active under strong light. Under intermediate irradiation, phot1 and phot2 contribute fully and partially, respectively, to the responses. An important role of the two phototropins in plant growth as evaluated by shoot fresh weight was also demonstrated (Fig. 7) . Our results indicate that the plants are adapted to ever-changing light environments by utilizing a wide range of light intensities through phot1 and phot2. We also showed that RPT2 is involved in the positioning of cotyledons and leaves, and in leaf flattening under weak as well as strong light. All these RPT2-mediated responses are essential for the enhancement of growth because the disruption of the RPT2 gene greatly decreased shoot size (Fig. 7) .
RPT2 function in the phot1 signaling pathway
With respect to all phenotypic features examined in this study, the phot1 single mutant and the phot1 rpt2 double mutant were essentially identical. This finding indicates that RPT2 functions in the signaling pathway of phot1. In support of this idea, the phot2 rpt2 double mutant exhibited identical responses to the phot1 phot2 double mutant. Our interpretation is in agreement with the report that RPT2 interacts with phot1, but there is no evidence for the interaction between phot2 and RPT2 (Inada et al. 2004) . Furthermore, phot2 and phot2 rpt2 mutants exhibited different phenotypes with respect to all morphological features that we investigated, and the phot2 rpt2 phenotypes resembled those of phot1 phot2. These results demonstrated that RPT2 does not function in the phot2 signaling pathway, and we conclude that RPT2 is a component of phot1 but not phot2 signaling. The other rpt2 mutant, rpt2-1 (Ler background), however, exhibited normal leaf flattening and positioning, although the mutant showed the impairment in both root and hypocotyl phototropism (Sakai et al. 2000 , Inada et al. 2004 . Such normal responses are inconsistent with our present study. It is not clear without further investigation whether this discrepancy is due to differences in the background (Col-0 or Ler).
RPT2 functions as a supporter for phot2 signaling
If RPT2 functions in phot1 but not in phot2 signaling, the rpt2 single mutant will exhibit similar phenotypes to the phot1 single and phot1 rpt2 double mutants. Unexpectedly, rpt2 consistently showed similar phenotypes to phot1 phot2, indicating that phot2 signaling was inactivated in the rpt2 mutant. This suggests that the mutation in RPT2 causes a suppression of phot2 signaling, and that the RPT2 protein may be required to maintain the phot2 signaling pathway in an active state. Interestingly, the additional disruption of the PHOT1 gene in the rpt2 single mutant restored the phot2-dependent responses, and the phenotypes of the phot1 rpt2 double mutant were similar to those observed in phot1. Furthermore, the disruption of PHOT2 in the phot1 rpt2 mutant negated the restored phot2-dependent responses. From these results, we hypothesized that RPT2 is necessary for phot2 signaling, and that the mechanism by which RPT2 keeps phot2 signaling active is the suppression of a phot1-dependent inhibition of phot2 signaling (Fig. 9) . A direct action of phot1 on phot2 seemed possible; however, neither the level of the phot2 protein nor its autophosphorylation activity were affected in the rpt2 mutant (Fig. 8, Supplementary Fig. S2 ). Therefore, phot1 appears to inhibit downstream components of the phot2 signaling pathway but does not affect phot2 itself (Fig. 9) . We note another possibility: phot1 may always inhibit the phot2 pathway irrespective of the presence of RPT2. However, this mechanism could work only under conditions in which phot1 and phot2 function redundantly.
We wish to mention the 'effector adaptation' mechanism (Galland 1991 , Poff et al. 1994 , Sakai et al. 2000 , Inada et al. 2004 which may explain how phot1 inhibits phot2 signaling. By this mechanism, phot1 could allow the highly light-sensitive phot2 to generate unusually strong signals in the absence of RPT2. In the rpt2 mutant, the signals from phot2 become excessive; unilaterally irradiated hypocotyls develop similar signal levels on the irradiated and the shaded sides and fail to undergo phototropic bending. Another possiblity is that the phot1 signal is excessive in the rpt2 mutant and thus phototropism did not occur due to sufficient signal levels on the irradiated and the shaded sides. This hyperactive phot1 may mask proper phot2 signaling in the rpt2 mutant. Further investigation is needed as to whether such mechanisms are applied in the case of leaf positioning and flattening. Expression and autophosphorylation of phot1 and phot2 in the rpt2 mutant, however, were similar to those of the WT (Fig. 8A) .
Possible involvement of RPT2 in auxin distribution in leaf positioning and flattening This study indicated that RPT2 controls phot1-mediated cotyledon and leaf positioning as well as leaf flattening. NPH3 and PKS proteins are also involved in phot1-mediated leaf positioning and flattening (Inoue et al. 2008b , deCarbonell et al. 2010 , and may function through mechanisms similar to those they use in hypocotyl phototropism (Motchoulski and Fig. 8 Immunoblot analysis of phot1 and phot2 in microsomal fractions from leaves of the WT and the rpt2 mutant. (A) Crude microsomal fractions were prepared from leaves of dark-adapted plants (D) and those illuminated with 70 mmol m À2 s À1 white light for 5 min (WL70). Proteins (8 mg) in each fraction were separated by 7.5% SDS-PAGE, followed by immunoblotting with anti-phot1 and anti-phot2 antibodies. Plasma membrane H + -ATPase was used as a loading control. (B) Crude microsomal fractions were prepared from leaves of dark-adapted plants (D) and those illuminated with 150 mmol m À2 s À1 blue light for 5 min (B150). Proteins (15 mg) in each fraction were separated by 7.5% SDS-PAGE, followed by immunoblotting with anti-phot2 antibodies. Fig. 9 Hypothetical scheme of phototropin signaling and the role of RPT2. phot1 and phot2 redundantly mediate leaf flattening and positioning under white light. RPT2 functions in the phot1 signaling pathway. phot1 may suppress phot2 signaling and RPT2 may inhibit this phot1-dependent suppression of the phot2 pathway. In the rpt2 mutant, the phot1 pathway is inactivated because phot1 signaling depends on RPT2, and the phot2 pathway is inactive because phot1 suppresses it in the absence of RPT2. Liscum 1999 , Sakai et al. 2000 , Inada et al. 2004 , Lariguet et al. 2006 . Phototropins are thought to cause asymmetric growth by inducing asymmetric auxin distributions (Whippo and Hangarter 2006) . A similar phototropin-mediated auxin redistribution may be responsible for leaf flattening and positioning (Hobbie and Estelle 1995 , Keller and Van Volkenburgh 1997 , Watahiki and Yamamoto 1997 . Auxin redistribution appears to be brought about by the action of NPH3/RPT2 family proteins. CPT1, a rice ortholog of NPH3, regulates asymmetric auxin distribution in coleoptiles (Haga et al. 2005 ). An NPH3/ RPT2 family protein, MAB4/EOP/NPY, is involved in the regulation of PIN localization and auxin distribution (Cheng et al. 2007 , Furutani et al. 2007 ). phot1 causes relocalization of the auxin efflux carriers, PIN1 and PIN3, in hypocotyls in response to blue light (Blakeslee et al. 2004 , Ding et al. 2011 . Furthermore, PKSs, signaling components in the phototropin pathways, control auxin distribution in leaves (deCarbonell et al. 2010) . Taken together, these studies suggest that the NPH3/RPT2 family and PKSs play important roles in auxin-mediated growth processes. It seems likely that phot1 complexes with these proteins are crucial for the growth responses because phot1 associates with RPT2, NPH3 and PKSs (Inada et al. 2004 , deCarbonell et al. 2010 . Recently ENHANCED HYPOCOTYL BENDING1 (EHB1), which negatively regulates phototropism, was identified as an interactor of the phot1-NPH3 complex (Knauer et al. 2011) . Further investigation of leaves is needed to determine the role of these phot1 complexes.
Materials and Methods
Plant materials
The rpt2-2 mutant (ecotype: Col-0) was isolated from the SLAT collection (Tissier et al. 1999) as previously reported (Inada et al. 2004) ; it carries a dSpm (a non-autonomous defective Spm element) insertion in the third exon. We crossed the Columbia gl1 background phototropin mutants phot1-5 and phot2-1 ) with Columbia background rpt2-2 mutants and obtained gl1 background rpt2-2, phot1-5 rpt2-2, phot2-1 rpt2-2 and phot1-5 phot2-1 rpt2-2 mutants. Transgenic plants transformed with genomic DNA fragments of pBI-PmaCI (Sakai et al. 2000) , which carried the RPT2 genomic region in the rpt2-2 mutant background, were generated by the Agrobacterium tumefaciens-mediated vacuum infiltration method (Bechtold et al. 1993) . T 3 homozygous lines were used in the experiments.
Growth conditions for plants and measurement of cotyledon positioning, leaf flattening and leaf positioning Plants were grown under white fluorescent light at 10, 25 and 70 mmol m À2 s À1 under a 16/8 h light-dark cycle at 22-24 C with a relative humidity of 50-75% in the growth room or growth chambers (BIOTRON LPH200, NK system, and Sanyo Growth Chamber MLR 351H, SANYO). Fluence rates were determined using a quantum meter (model 185A, Li-Cor Biosciences, Lincoln, NE, USA). Seven-to 10-day-old seedlings were used for the measurement of cotyledon positioning. The cotyledons were photographed from the side at the end of the light period and cotyledon and petiole angles were measured using the ImageJ software (National Institute of Health). Petiole bending indices of the first and second true leaves were calculated as ratios of direct to traced distance of the petiole, a and b in Fig. 1 , respectively, which were measured using ImageJ software. For true leaf positioning, plants that were grown for 2-3 weeks were photographed and analyzed. The laminae of the fourth to eighth leaf were detached from plants grown for 4-5 weeks, placed on their abaxial sides on a scanner, and were scanned to provide the curled leaf projection area. Then the laminae were gently pressed onto the paper and fixed by transparent mending tape. Flattened laminae were scanned, representing the total projection area. Projection areas were measured using ImageJ (National Institute of Health). A leaf flattening index was calculated as the ratio of curled to total projection area.
Immunoblotting of PHOT1 and PHOT2
Test plants were placed in the dark overnight. The leaves were detached from the dark-adapted plants under safe light and then illuminated with white light for 5 min or blue light for 5 min using a tungsten lamp (Sylvania EXR 300 W) and a blue glass filter (Corning 5-60). The microsomal fraction was prepared from the illuminated leaves under safe light. Immunoblotting was performed according to previously published methods (Kinoshita et al. 2003) . Polyclonal antibodies against PHOT1, the N-terminal region of PHOT2 and Vicia faba plasma membrane H + -ATPase (VHA1) were obtained as described by Doi et al. (2004) , Inoue et al. (2011) and Kinoshita and Shimazaki (1999) , respectively.
Supplementary data
Supplementary data are available at PCP online.
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